The modeling of dairy processing using a generic process simulator suffers from shortcomings, given that many simulators do not contain milk components in their component libraries. Recently, pseudo-milk components for a commercial process simulator were proposed for simulation and the current work extends this pseudo-milk concept by studying the effect of both total milk solids and temperature on key physical properties such as thermal conductivity, density, viscosity, and heat capacity. This paper also uses expanded fluid and power law models to predict milk viscosity over the temperature range from 4 to 75°C and develops a succinct regressed model for heat capacity as a function of temperature and fat composition. The pseudomilk was validated by comparing the simulated and actual values of the physical properties of milk. The milk thermal conductivity, density, viscosity, and heat capacity showed differences of less than 2, 4, 3, and 1.5%, respectively, between the simulated results and actual values. This work extends the capabilities of the previously proposed pseudo-milk and of a process simulator to model dairy processes, processing different types of milk (e.g., whole milk, skim milk, and concentrated milk) with different intrinsic compositions, and to predict correct material and energy balances for dairy processes.
INTRODUCTION
Modeling and simulation of industrial processes are useful to predict process behavior and critical for decision making and optimization without putting the real process at risk. Process simulation significantly contributes to analyzing process operation, performance, and process or product variable trends with reasonably acceptable accuracies (Munir et al., 2012b) . Commercial process simulators (such as VMGSim; Virtual Materials Group Inc., Calgary, AB, Canada) are usually preferred over self-developed numerical modeling tools because commercial simulators typically include substantial component libraries, advanced computational methods, comprehensive thermodynamic packages, user-friendly graphical user interfaces (GUI), process flow sheet visualization, and pre-made major unit operations. The simulators have also been validated over many years with large critical user bases (Munir et al., 2013) .
Although common in many processing industries, the simulation of dairy processing using commercial process simulators has lagged behind largely because the historical market for most process simulators is chemical or petrochemical applications (Arthur et al., 2014) . Other reasons for the slow uptake of process simulation in the dairy industry include the fact that milk is a complex food structure with complex irreversible property changes, multiple phases, and, most importantly, the nonavailability of dairy components in the component libraries of process simulator (Wang and Hirai, 2011; Trystram, 2012; Tajammal Munir et al., 2015) . This paper aims to rectify this omission by showing how milk can be considered a mixture of known compounds such that the thermodynamic package of the process simulator can estimate the key physical properties of milk under a variety of processing conditions. Dairy processing modeling case studies are rare. Tomasula et al. (2013) used SuperPro Designer (Intelligen Inc., Scotch Plains, NJ) to develop a simulation tool for the fluid milk industry, whereas Abakarov and Nuñez (2012) discussed the available food engineering software without actually considering modern process simulator capabilities. Bon et al. (2010) presented the use and capabilities of ProSimPlus (Philadelphia, PA) for milk pasteurization process modeling, and Madoumier et al. (2015) proposed a new modeling approach for liquid foods in a process simulator.
The key differences between Bon et al. (2010) , Madoumier et al. (2015) , and the present study are outlined in Table 1 . In the present study, milk was considered a "mixture" of water and pseudo-components. Madoumier et al. (2015) followed a similar approach. In contrast, Bon et al. (2010) considered milk as a single pseudo-component but this approach has some drawbacks. For example, such an approach has limited applications when the different components of milk are separated, such as in ultrafiltration, and it is not possible to vary the total solids (TS) such as in powder processes. Finally, we cannot model the influence of different operating conditions on milk mixture components; for example, behavior of milk fat is different from that of milk proteins under the same operating conditions.
There are 2 major differences between Madoumier et al. (2015) and the present study, which are shown in Table 1 . The first difference is that milk proteins were modeled differently in the current study and in Madoumier et al. (2015) . Madoumier et al. (2015) ignored 20% (by weight) of the proteins; namely, whey proteins, and considered only casein proteins. However, whey proteins are essential (e.g., for whey milk or "muscle milk"). The influence of heat treatment on both types of milk protein is also different because casein proteins are stable to heat treatment whereas whey proteins are not. Consequently, milk heat treatment processes cannot be modeled without modeling both whey and casein proteins. Furthermore, the denaturation of both proteins is different. The second major difference is that the viscosity of milk with higher TS seems to be an unsolved issue due to non-Newtonian flow behavior in Madoumier et al. (2015) . This flow behavior was modeled in the present study.
Process simulation of dairy processing using commercial process simulators involves several specific steps. Regardless of the type of problem and the objective of the simulation, the first basic step is selecting components or mixtures that will be involved in the simulation from the simulator's component library (Luyben, 2002; Seborg et al., 2004; Munir et al., 2012a) . Although milk is technically a colloidal suspension, process simulators use the term "mixture" or "pseudo-mixture" in this instance. The main components of milk are water, fats, proteins, lactose, and minerals, all compounds that are uncommon or unavailable in most commercial component libraries.
Primarily, 2 different modeling approaches for milk modeling have been attempted. Ribeiro and Andrade (2003) and Ribeiro and Caño Andrade (2002) used a unique component approach for milk modeling, whereas Zhang et al. (2015) and Tomasula et al. (2014) opted for a pseudo-milk component approach. The unique Table 1 . Key differences between Bon et al. (2010) , Madoumier et al. (2015) , and the present work Key difference Bon et al. (2010 ) Madoumier et al. (2015 Present study Milk as a raw material Milk was considered as a single pseudocomponent. Milk was considered as a milk "mixture"
following methodology proposed in authors' previous work (Zhang et al., 2015) .
Milk was considered as a milk "mixture."
Applications
Limited to milk pasteurization processes only.
Seems applicable to most dairy processes except milk heat treatment.
Applicable to most of dairy processes including heat treatment processes.
Types of milk
Only whole milk was considered.
Whole and skim milks with different dry matter were considered.
Different types of milk (e.g., whole, skim, and concentrated) were considered.
Influence of operating conditions The influence of temperature alone on the physical properties of milk was studied. The influence of different operating conditions on the physical properties of milk was studied.
The influence of temperature and different solid concentrations on the physical properties of milk was studied.
Whey proteins
Whey proteins were ignored.
Whey proteins were considered to evaluate the influence of heat treatment on milk proteins.
Viscosity
The viscosity of milk with higher total solids was not considered. The viscosity of milk with higher total solids seems an unsolved issue due to non-Newtonian flow behavior.
Expanded fluid and power law models were used to predict non-Newtonian flow behavior of concentrated milk viscosity.
Heat capacity
The heat capacity of milk with higher total solids was not studied.
The heat capacity of milk with higher fat concentrations seems an unsolved problem. An expression for the heat capacity as a function of temperature and fat content was postulated to capture the double Gaussian peaks.
component milk modeling approach is simpler because the milk component properties are specified as constant or depending only on temperature. Such a modeling approach can therefore only be used for situations where composition remains constant or for the simulation of heating or cooling of milk. On the other hand, in the pseudo-milk component approach, the milk components are divided into several pseudo-components: fat, proteins, lactose, and minerals. In this approach, the physical properties of individual pseudo-milk components are modeled and added to compute mixture (i.e., milk) properties. This modeling approach is preferred over the unique component approach because it can be used for unit operations in which composition changes.
The physical properties such as thermal conductivity, density, viscosity, and heat capacity are necessary to predict milk behavior. The physical properties of individual pseudo-milk components can be modeled either by utilizing literature models (e.g., Fernández-Martín, 1972b) , or by artificially developing the physical properties of individual pseudo-components (Cheng and Friis, 2007) , or by assimilating the physical properties of individual pseudo-components to the properties of a representative component (Zhang et al., 2003 (Zhang et al., , 2015 . The literature models as a function of operating parameters (e.g., temperature) are mostly used to give the physical properties of individual pseudo-components. In the absence of literature models, the physical properties of individual pseudo-components are optimized to match the experimentally measured mixture properties, perhaps using a simple trial-and-error strategy. Assimilating the physical properties of individual pseudocomponents to the properties of a representative component is another way to model the physical properties of individual pseudo-components. For example, in nonmilk-related work on vegetable oils, Zhang et al. (2003) represented canola oil by triolein.
In recent work, Zhang et al. (2015) developed a pseudo-milk compound for use within a commercial process simulator. Here, the influence of temperature alone on the physical properties of milk (i.e., thermal conductivity, density, viscosity, and heat capacity) was studied. However, the physical properties of milk are also strongly affected by TS (involving proteins, lactose, fat, and minerals) as well as temperature, and we aimed to address this addition in the current work. The prediction of milk viscosity prediction was another problem in Zhang et al. (2015) that was not addressed.
The amount of milk solids varies along the production line of dairy processing. For example, in the milk powder plant, milk is concentrated from 12 to 13% (wt/ wt) to 48 to 52% (wt/wt) TS under vacuum in the evaporator. However, the "pseudo-milk" developed in Zhang et al. (2015) was ineffective at predicting the desired physical properties of milk at higher milk TS. Consequently, in this work, we studied the effect of changing milk TS (i.e., whole milk, skim milk, and concentrated milk) and temperature on key milk physical properties (i.e., thermal conductivity, density, viscosity, and heat capacity) simultaneously.
The key differences between Zhang et al. (2015) and the present study are outlined in Table 2 . The properties of pseudo-components were specified differently from previous work. For example, milk fat was considered as a pseudo-component instead of free fatty acids, significantly different molecular weights of fats and proteins were used, milk minerals were considered a pseudo-component, and expanded fluid and power law models were used for the prediction of milk viscosity. Casein and whey proteins were also considered in this study. These alterations were necessary to model the physico-chemical characteristics of real milk constituents. Multiple multivariate models were also used in this study to compare different models.
The creation of an improved pseudo-milk and extension of the already existing pseudo-components in the pseudo-milk mixture will expand the application of process simulators to dairy processes. The creation of an improved pseudo-milk will enable modeling of unit operations such as evaporators and spray driers where milk streams with different TS and temperatures are involved. This work will also enable prediction of the correct material and energy balances around dairy process unit operations.
MATERIALS AND METHODS

Raw Material (Milk): Composition and Assumptions for Modeling
Nutritionally, milk is regarded as a complete food given that it contains water, fats, proteins, lactose (carbohydrates), minerals, and vitamins. Normally, milk is divided into 2 components: the milk solids and the aqueous phase. The solid components are dispersed in the aqueous phase. For instance, the gross composition of whole milk (13% by weight total milk solids) is 87% water, 4% fats, 3.4% proteins, 4.8% lactose, and 0.8% various minerals as shown in Table 3 . The compositions of other products common in New Zealand (for example) with different TS [e.g., skim, trim (fat-free), and concentrated milk] are also shown in Table 3 . These gross compositions are also relevant elsewhere with minor changes. In this study, whole milk, skim milk, and concentrated milk were considered. Trim milk was ignored as major differences in physical properties are not expected because the milk fat concentration is very small (0.3% by weight) and it is the main cause of 3383 differences. Creams as separate streams were also not considered explicitly in this study, as extra light (12 to 12.5% fat) and light (15 to 19.1% fat; Morison et al., 2012) cream streams are already included as concentrated milk. Heavy creams, those above 40% fat, were deliberately excluded from consideration in this study due to complex rheological behavior.
In this study, the following assumptions were adopted after the following considerations.
(1) Milk was considered as a homogeneous mixture;
it is, in fact, a colloid of water, fats, proteins, lactose, and minerals. Vitamins were not considered in this study as they are soluble in fats and their overall concentration is small. (2) The chemical formulas of the pseudo-components were not specified. They were considered as inert, because mostly, there is no chemical reaction in milk processing. However, the chemical formulas of the pseudo-components need to be specified in the modeling of cheese making process.
(3) Ordinarily, milk proteins consist of 2 major categories; ~80% casein proteins and ~20% whey proteins (by weight). The casein proteins mainly contain phosphorus-containing amino acids. On the other hand, the whey proteins consist of β-LG (>50% by wt.), α-LA (>20% by wt.), and many minor proteins. The whey proteins mainly contain phosphorus-containing amino acids, and are soluble in nature, have a more complex structure, but are a minor component (Bylund, 1995) . Only casein and whey proteins were considered in this work because other minor categories of proteins are in smaller quantities. (4) The aqueous phase of milk was only considered.
Milk properties for other phases might not be valid. (5) The heat capacity of milk for the temperature range 60 to 75°C remains constant as most solid milk fats become liquid and there is no latent heat effect (Hu et al., 2009 ). Heat capacity data in Fernández-Martín (1972a) also validates this assumption. (6) The heat capacity of milk for the temperature range 4 to 75°C was assumed reversible for the simulation purposes because the reversibility of the heat capacity of heated milk is largely unknown. The reversibility can also restore initial heat capacity values.
Process Simulation and Process Simulator Details
One of the original aims of this work was to establish whether a standard chemical process simulator Table 2 . Key differences between Zhang et al. (2015) and the present study Key difference Zhang et al. (2015) Present study Milk fats Free fatty acids were used to represent milk fat. Fatty acids are not true representatives of the milk fat molecule. Milk fat was developed as a pseudo-component. Molecular weight used was much higher than that used in Zhang et al. (2015) .
Milk proteins
An average molecular weight of 23,000 g/mol was used.
An average molecular weight of 2.5E8 g/mol was used.
Protein types
Only casein was considered.
Casein and whey proteins were considered.
Milk minerals Sodium and potassium salts were used to represent milk minerals.
Milk minerals were developed as a pseudo-component. Calcium, magnesium, and other important salts were missing in Zhang et al. (2015) .
Thermal conductivity A single model was used for validation.
Multiple models were used for validation.
Density
A single model was used for validation.
Viscosity calculation method A simple model was used for viscosity prediction.
Expanded fluid and power law models were used to predict milk viscosity. These models are recommended for non-Newtonian fluids.
Heat capacity calculation method A single variable model was used for the prediction of heat capacity. A multivariate model was used for the prediction of heat capacity. designed for oil and gas processing was suitable for the simulation of dairy processes. For this study, VMGSim v8.0 (Virtual Materials Group Inc., 2014), was used as the process simulator. As with many similar simulators, except water, all the other components (e.g., fats*, proteins*, lactose*, and minerals*) were not originally available in the component library of the process simulator. Consequently, these components were treated as hypothetical or pseudo-components (denoted by the asterisk, *) and generated by populating their key basic properties. The classification of the components in a milk mixture used in the process simulator is also shown in Figure 1 .
The advanced Peng-Robinson equation of state (EOS) model was selected as the property package for the simulation due to the presence of polar (e.g., water) and hydrocarbon-based (e.g., proteins and fats) compounds in milk (Mühlbauer and Raal, 1995; Díaz et al., 2011; Munir et al., 2012c) . Other EOS and activity property packages (e.g., the Wilson activity package) suitable for polar substances were tried but gave poor results compared with the advanced Peng-Robinson thermodynamic model.
Pseudo-Milk Components
The hypothetical component manager (hypo manager) tool in VMGSim was used to generate milk pseudo-components. Key basic properties such as molecular weight, normal boiling point, and liquid density of pseudo-components were loaded into this tool. These properties can also be fine-tuned as these normally have ranges with minimum and maximum values.
The fine-tuning of the properties can help to best match simulation results with real or literature data. A systematic algorithm for the fine-tuning of the basic properties of the pseudo-components is given in Figure  2 . The algorithm started with a manual input of the key basic properties in the hypo manager tool. The model was simulated with water and pseudo-components using these basic properties to predict milk physical properties. The milk physical properties were then compared with real or literature data. This fine-tuning then becomes an optimization problem. The key basic properties were varied in a systematic manner such that the norm of the average relative error (ARE) for the 4 physical properties was minimized. In practice, Table 3 . Quantitative milk composition (% by weight); data are from Bylund (1995) 
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we found that the normal boiling point parameter for milk fat was the most important fitted parameter. The pseudo-milk components details and their data are given as follows:
• Milk fat*: Milk fat is a complex structure containing around 350 to 437 different types of fatty acids. Three fatty acids in a fat molecule are attached to a backbone mostly made of triglycerides. Milk fat globules (size range: 0.1-17 μm) are in a partially stable emulsion of a milk plasma phase. In this work, the molecular weight of milk fat was set to be 1.355E9 g/mol, as estimated in Madoumier et al. (2015) . Milk fat density was set to be 931 kg/m 3 as given in Fox (2003) . Byluppala (2010) also modeled milk fat as a mixture of 12 different fatty acids. However, the milk fat modeling strategy presented in Byluppala (2010) and Zhang et al. (2015) was not used in this study because a mixture of different fatty acids is quite different from the actual milk fat structure. • Milk proteins*: Casein proteins are present in cluster called a casein micelle. In this work, an average molecular weight of casein micelles was set to be around 2.5E8 g/mol, as estimated in Dewan et al. (1974) . The density was set to be 1,250 kg/m 3 , similar to our previous work in Zhang et al. (2015) . The molecular weight of whey proteins was set to be ~18,400 g/mol, as reported in Kontopidis et al. (2004) . • Milk lactose*: Lactose is a milk sugar made up of saccharide molecules. Milk lactose was hypothetically generated by setting an average molecular weight to 342 g/mol, and density around 1,451 kg/m 3 (Zadow, 1984) . • Milk minerals*: Milk is a source of sodium, calcium, phosphorous, zinc, iodine, magnesium, potassium, and other minerals. Milk minerals were represented as a pseudo-component with an estimated average molecular weight according to their weight fractions. In this study, an average molecular weight of milk minerals was set to be around 66 g/mol and density around 3,000 kg/m 3 (Jensen, 1995; Gaucheron, 2005) .
Milk Viscosity Measurement
The viscosity measurements were obtained using a rheometer (AR-G2, TA Instruments, Crawley, UK). The viscosity of the milk was measured using the starch cell and conical concentric cylinder geometry. The starch cell held the sample at a specified temperature, and conical cylinder is the geometry used for low-viscosity fluids. The viscosity was measured at increasing shear rates from 1 to 1,000 s −1 , with 50 data points in between. These values were chosen to cover a large range of process conditions that the milk would be exposed to, while keeping the temperature constant, and then repeated at different temperatures from 25°C to 70°C at intervals of 5°C. Each of the tests was carried out 3 times.
RESULTS AND DISCUSSION
The milk product streams with different TS (whole milk, skim milk, and concentrated milk) were simulated in the process simulator. Selecting the thermodynamic model, entering process basic information (temperature, pressure, and flow), selecting milk mixture components (i.e., available and pseudo-components), and specifying their compositions were the main steps involved in this simulation.
Sensitivity analysis is a technique that can be used to identify the influence of each physical property model on the overall process simulation model. Recently, Madoumier et al. (2015) used this technique to study the influence of each physical property model on the process simulation of milk. Madoumier et al. (2015) concluded that the process simulation model was most sensitive to any variation in thermal conductivity, followed by density, viscosity, and heat capacity. It is interesting to note that heat capacity has the least effect on the process simulation model. However, in this work, all 4 of these properties in whole milk, skim milk, and concentrated milk were modeled.
The simulation results of the milk physical properties were validated using experimental data or empirical models available in the literature. Table 4 presents a literature review of several empirical models of the milk physical properties reported prominently in the literature. These models are compared over temperature ranges common in a dairy plant such as 4 to 75°C for temperature, and TS contents for whole, skim, and concentrated milk.
Milk Thermal Conductivity Results and Validation
Milk thermal conductivity is a measure of milk's ability to conduct heat. It plays an important role in heat or energy balance calculations in the process simulator. For this reason, careful attention to thermal conductivity modeling is necessary.
The thermal conductivity of different milks with different TS (whole, skim, and concentrated milk) is primarily influenced by temperature (Fox, 2003) . Fox (2003) claimed that the thermal conductivity of milk increases linearly with an increase in temperature and decreases with an increase in TS. However, the TS concentration only secondarily affects thermal conductivity. For example, the thermal conductivity of whole and skim milk ranges from 0.530 to 0.613 and 0.527 to 0.622 W/(m·K), respectively, over a temperature range of 0 to 100°C (Lewis, 1993; McCarthy and Singh, 2009 ).
The empirical models of Minim et al. (2002) , More and Prasad (1988) , and Riedel (1949) for thermal conductivity shown in Table 4 were used to validate the simulated thermal conductivity. The experimental data of Minim et al. (2002) was also used for validation, as shown in Figure 3 , which shows simulated, empirical model, and experimental results of the thermal conductivity. It also compares different empirical models.
Three clear trends are immediately evident in Figure  3 . The first is that thermal conductivity increases lin- , where C p = heat capacity (J/g per K) (and other terms are as previously defined). Choi and Okos (1986) early with an increase in temperature. This observation agrees with Fox (2003) , as noted above. The second obvious trend is that, for whole and skim milk, simulated conductivity, empirical models, and experimental data were mutually consistent (relative error ≤2%). However, the model of Riedel (1949) showed the closest match to the simulated conductivity (relative error ≤0.7%). The third trend was that for concentrated milk, the models of Minim et al. (2002) and More and Prasad (1988) appear different (relative errors ≤14% and ≤31%, respectively) from the model of Riedel (1949) and simulated conductivity. However, the discrepancy between simulated thermal conductivity and Minim et al. (2002) was smaller (relative error ≤1%). These discrepancies may be explained by the fact that Minim et al. (2002) used a higher ratio of fat to other TS (i.e., TS other than fat), and More and Prasad (1988) calculated thermal conductivity for uncommon temperature (40-90°C) and TS (37-73% wt.) ranges. The model of Riedel (1949) also showed the closest match (relative error ≤0.5%) to the simulated thermal conductivity for concentrated milk. For this reason, the model of Riedel (1949) is the best choice for milk thermal conductivity followed by the model of Minim et al. (2002) . However, valid experimental data for concentrated milk thermal conductivity was not available to further validate it.
The models of Minim et al. (2002) and Riedel (1949) for thermal conductivity of most milk streams with different TS emerged as the most relevant empirical models. These models for thermal conductivity and perhaps, more importantly, the reported experimental data of Minim et al. (2002) validated the simulated thermal conductivity results. However, for concentrated milk process simulation, careful attention to the energy balance calculation might be necessary as the simulated thermal conductivity results can only be compared with empirical model results in this case.
Milk Density Results and Validation
The density of milk depends on temperature and composition (i.e., fat, water, proteins, lactose, and minerals densities) and their mass fractions. It is interesting to note that the fat component of milk (density ≈931 kg/m 3 ) with the lowest density among the components (water ≈999 kg/m 3 , proteins ≈1,250 kg/m 3 , lactose ≈1,451 kg/m 3 , and minerals ≈3,000 kg/m 3 ) is mainly responsible for the complicated influence of temperature and composition on milk density. This influence of fat is complicated by the fact that the density of the milk fat depends on the ratio of liquid fat (with lower density) to solid fat (with higher density) within the milk fat melting point range (−35°C to 40°C). Above 40°C, almost all milk fat becomes liquid, with a lower density (McCarthy and Singh, 2009 ).
The density of milk can be determined using different methods, such as hydrometry (Bradley, 2010) , hydrostatic balance (Al-Nabulsi et al., 2011) , and dilatometric analysis (Kumar et al., 2010) . Furthermore, the empirical models of Kessler (2002) , Minim et al. (2002) , and Choi and Okos (1986) for prediction of milk density are available in the literature.
In this work, the simulated milk with different TS (whole, skim, and concentrated) densities were compared with real milk literature data. The empirical models of Kessler (2002) , Minim et al. (2002) , and Choi and Okos (1986) , shown in Table 4 , were used in this work to predict the actual density of whole, skim, and concentrated milk over the temperature range 4 to 75°C. Similarly, another empirical model of milk density and experimental data were reported in Fernández-Martín (1972b) . McCarthy and Singh (2009) discussed and elaborated upon the advantages of the Fernández-Martín (1972b) empirical model over other milk density empirical models available in the literature. However, the experimental data of Minim et al. (2002) was used for validation, as shown in Figure 4 . Fernández-Martín (1972b)'s empirical model and experimental data were not used in this study because it had a similar methodology and same fat-to-nonfat solids ratio to that in Minim et al. (2002) .
The simulated, empirical model, and experimental results of the whole, skim, and concentrated milk densities are graphically presented in Figure 4 , which shows that milk density linearly decreases with an increase in temperature. This trend is in conformity with reports by Kessler (2002) , Minim et al. (2002) , Solanki and Rizvi (2001) , Choi and Okos (1986), and Fernández-Martín (1972b) . An increase in milk density with an increase in TS is also evident in Figure 4 . Note that the density of concentrated milk is higher than that of whole or skim milk.
For the whole and skim milks, the simulated density, Kessler (2002) and Minim et al. (2002) empirical models, and experimental data were mutually consistent (relative error ≤2%). However, for the concentrated milk only, Minim et al. (2002) 's empirical model and experimental data were in relatively good agreement with simulated density (relative error ≤4%). Choi and Okos (1986) 's empirical model does not consider the effect of TS on milk density. This seems to be a major reason for the discrepancy between the simulated and Choi and Okos (1986) milk densities (relative error ≤8%). Furthermore, the empirical model of Kessler (2002) was quite different for concentrated milk.
Milk Viscosity Results and Validation
Milk viscosity is an important parameter in the production of milk powder. The viscosity of milk concentrate has a considerable effect on the performance of milk concentrating unit operations, maintenance, and product quality. The viscosity and flow behavior of milk also varies with temperature and TS concentration. For these reasons, accurate modeling of milk viscosity is necessary to model unit operations such as the evaporator and the drier, where temperature and TS change during processing.
The viscosities of whole, skim, and concentrated milk were simulated and compared with the empirical models of Morison et al. (2012) , Kessler (2002) , and Fernández-Martín (1972b) for milk viscosity, as shown in Figure 5 . The simulated results were also compared with experimentally measured viscosities (explained in the Milk Viscosity Measurement section). In this study, a rheometer was used for the viscosity measurement over the temperature range 25 to 70°C. These results are consistent with those reported by Souza (2011) , with a relative error ≤0.4% for of milk viscosity. Four observations in Figure 5 are evident. The first is that the viscosity of the milk decreases with an increase in temperature. This is because the ratio of liquid milk fat to solid milk fat increases with increase in temperature, causing a decrease in milk viscosity. The second observation is that a bump in the simulated viscosity above 40°C is evident. This is because all solid fat becomes liquid above 40°C (McCarthy and Singh, 2009) . The third observation is that the simulated milk viscosities, empirical model of Fernández-Martín (1972b) , and experimental data were mutually consistent (relative error ≤2.5%), especially above 25°C.
The fourth observation is that the empirical model of Kessler (2002) was quite different from the simulated and experimental viscosities of skim and concentrated milks (relative error ≥25%). The empirical model of Morison et al. (2012) was slightly better as it considers the non-Newtonian behavior of concentrated milk (relative error ≤20%). The non-Newtonian behavior of concentrated milk has been reported by several other authors; for example, Vélez-Ruiz and Barbosa-Cánovas (1998) and Wang and Hirai (2011) .
The empirical model of Fernández-Martín (1972b) predicted significantly higher viscosity values for concentrated milk below 25°C. This discrepancy is because Fernández-Martín (1972b) used a general equation for 10 different types of milk, kinematic viscosity coefficients were used, and the coefficients were calculated by the least squares error method. These might explain the significantly higher predicted viscosity values at lower temperature. In addition, the viscosity of non-Newtonian fluids depends on many parameters such as operating conditions, equipment, and shear rate. These parameters might also be responsible for significantly higher predicted viscosity values at lower temperatures in Fernández-Martín (1972b) . It is evident in Figure  5 that the experimental values of concentrated milk viscosity are much lower than viscosity values predicted by the empirical model of Fernández-Martín (1972b) .
Milk viscosity prediction was an unresolved issue in Madoumier et al. (2015) and Zhang et al. (2015) . This was due to complex non-Newtonian behavior of milk. In the current study, we used expanded fluid-based viscosity correlation and power law models to model the non-Newtonian behavior of the concentrated milk. Recently, Yarranton and Satyro (2009) used an expanded fluidbased viscosity correlation to model the non-Newtonian behavior of heavy hydrocarbons in VMGSim. The same methodology was used in this work.
Milk Heat Capacity Results and Validation
Heat capacity measures the specific amount of heat required to raise the temperature of milk and, therefore, is key in modeling, for example, the economics of a dairy plant. The measured heat capacity of the complex compound milk includes both latent and sensible heats, and is, therefore, termed "apparent heat capacity." Furthermore, milk is a mixture of substances with different melting points, and apparent heat must be added or removed to bring about changes in temperature during heating or cooling.
Like thermal conductivity, viscosity, and density, the heat capacity of milk is a function of temperature and TS concentration, although, unlike the other physical properties, it is considerably more complex and non- monotonic, as shown in Figures 6, 7 , and 8. Although heat capacity is a combination of the individual component heat capacities of the constituents, the milk fat component dominates. The influence of nonfat TS on milk heat capacity is not significant (Hu et al., 2009) . Milk heat capacity data with different fat concentrations (e.g., 0.1, 3.5, 15, 25, and 35% by weight) are plotted in Figure 6 . Note that the fat concentrations of whole, skim, and concentrated milk fall within this range. Figure 6 shows the apparent heat capacity of milk for different fat contents over the temperature range of 0 to 60°C using data (plotted as circles) from Hu et al. (2009) . Above 60°C, the apparent heat capacity of milk remains the same. At temperatures below 40°C, the heat capacity of milk fat mainly depends on temperature, and it changes significantly due to the latent heat effect. Above 40°C, milk heat capacity does not change significantly because most solid milk fats have become liquid and there is no latent heat effect. The apparent heat capacity of milk with fat content less than 3.5% (i.e., whole or skim milks) does not change significantly over the temperature range of around 4 to 75°C. However, it varies significantly for milk with fat content above 3.5% (i.e., concentrated milk or cream) as shown in Figure 6 . In other words, the behavior of the apparent milk heat capacity is linear at lower fat concentrations, ≤3.5% fat milk, and nonlinear at higher fat concentrations, >3.5% fat milk. The precise value of milk heat capacity also depends on the milk fat solid:liquid ratio at a given temperature (Hu et al., 2009; McCarthy and Singh, 2009 ).
The simulator-embedded and newly developed "pseudo" milk databases in Zhang et al. (2015) were able to predict correct apparent milk heat capacities at lower fat concentrations. The data gathered in the present study suggested that the apparent heat capacity of milk derived from the simulator showed a close match with actual milk heat capacity for milk with a lower fat content (≤3.5% fat milk). This is because the behavior of apparent milk heat capacity is linear at lower fat concentrations. Prediction of linear behavior of apparent milk heat capacity at lower fat concentration (e.g., skim or whole milk) is relatively easy for process simulators because milk behaves like a Newtonian fluid at lower fat concentrations. In contrast, at higher fat concentrations (>3.5% fat milk), the nonlinear or non-Newtonian fluid behavior of apparent heat capacity of milk becomes difficult to model in process simulators. Consequently, another approach is needed.
To model apparent milk heat capacity (C p ) of milk at both high and low fat concentrations, we used the experimental data curves in Figure 6 . A single model as a function of temperature and fat content was hypothesized:
where T is temperature (in °C), F is fat content (%), and p are regressed parameters. The regression is valid from over the ranges 4 to 75°C and 0 to 35% fat content. These limits are suitable for simulation of a dairy processing plant. The comparison with the experimental data adapted from Hu et al. (2009) is given in Figure 7 and the values of the parameters p of the regressed model in Equation [1] are given in Table 5 . Note that the Cp of milk at very low fat concentrations is essentially water and is therefore practically independent of T (over the studied range) and fat content F as expected. Figure  8 compares the model with the experimental data on a 2-dimensional plot. Figure 9 shows separate model fits to experimental data at higher fat concentrations (>3.5% fat milk).
The representative Equation [1] was programmed as an external routine into the process simulator to predict complex behavior and the correct values of milk heat capacity. After programming the external routine into the process simulator, apparent heat capacity values also showed a close match (relative error ≤1.5%) with actual milk heat capacity values for higher fat content milk.
The available evidence seems to suggest that recent commercial simulators can simulate all heat capacity behavior for all fat concentrations over the temperature range of 4 to 75°C. Heat capacity behavior (mostly non-Newtonian) can be modeled by writing external programming routines to be integrated with the process simulator. Furthermore, the accuracy of heat capacity prediction may be less important, because milk temperature and milk heat requirements are connected by feedback process control loops. However, heat capacity is still important for process design.
CONCLUSIONS
In this work, the validity of the previously developed "pseudo" milk by Zhang et al. (2015) was extended by studying the effect of total milk solids and temperature on several physical properties of milk. Milk was considered a "mixture" of water and pseudo-components. The physical properties of this milk mixture were predicted using a process simulator as a function of the individual component physical properties. The simulated results were validated against experimental and literature data. The simulated results of the milk physical properties showed a reasonable match [e.g., thermal conductivity (≤2%), density (≤4%), viscosity (≤3%), and heat capacity (≤1.5%)] with the experimental results. Consequently, modeling with such a process simulator can predict material and energy balances for dairy process- es. This work also further enables commercial process simulators for credible simulation of milk as a collection of pseudo-components for varying TS, including whole, skim, and concentrated milks over normal processing temperature ranges from 4 to 75°C. Complicated milk viscosity behavior was also modeled in this work. The complication is due to fact that milk rheological behavior (from Newtonian to non-Newtonian) changes under the following conditions: temperature ≤40°C, TS ≥40% (by weight), and moderate to high shear rates. Expanded fluid-based viscosity correlation and power-law models were used to model the non-Newtonian behavior of the concentrated milk. Finally, an 8-parameter simple correlation to predict heat capacity as a function of temperature and fat content was shown to be accurate over the temperature and fat ranges common in a dairy plant.
